of the simulated body potentials about equal to those of the measured body potentials. By 45 msec (Fig. 4) after the beginning of QRS, the region of negative potentials had increased in size so that the epicardial potential distribution at 45 msec had a posterior RV minimum, surrounded by a large negative area that extended onto the posterior LV and onto the lower anterior surface of the RV. A maximum was on the RV anterior surface, and a smaller maximum was on the posterior LV. At this time, a simple pattern was present on both the simulated and measured body surface maps, with a single maximum and a single minimum, and with positive potentials around the top of each map.
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Comparison of Measured Torso Potentials with Those Simulated from Epicardial Potentials for Ventricular Depolarization and Repolarization in the Intact Dog

MAYNARD RAMSEY, III, ROGER C. BARR, AND MADISON S. SPACH
SUMMARY The objective of this study was to simulate body surface potential distributions, millisecond by millisecond, from potential distributions measured directly from the epicardium of the intact dog, and to examine the resulting simulation by comparing it with measured body surface potential distributions. Included in this objective was a simulation not only of those phases of cardiac activity involving depolarization, with which previous simulations have been concerned almost exclusively, but also of times of overlapping depolarization and repolarization, and times during repolarization alone. To achieve this simulation, measurements of multiple excitation and repolarization sequences were obtained from intact dogs. Epicardial potentials were recorded from about 90 electrodes chronically implanted on the ventricular epicardium, and several electrodes on the atria. Geometric coordinates of each body surface and epicardial electrode were measured in a postmortem examination. The simulated body surface distributions were computed from the epicardial ones by means of heart to body surface transfer coefficients. These transfer coefficients were derived from the measured geometric coordinates of all the electrodes with the assumption that the volume conductor was homogeneous between the epicardium and the body surface. Results included numerous sets of isopotential distributions, each set comprising the measured epicardial and body surface distributions, and the simulated body surface distribution. At many time instants, the distribution of potentials measured from the epicardium was considerably more complicated that the distribution measured from the body surface. Nonetheless, simulated body surface distributions consistently had a high correlation with the measured body distributions. However, the simulated maps usually had larger peak to peak magnitudes. The results demonstrate that quantitative relationships between the detailed events of cardiac and body surface electrical activity can be established theoretically and confirmed by realistic experimental measurements.
ACHIEVING a quantitative understanding of body surface electrocardiograms based on measurements of the underlying cardiac electrical events and volume conductor properties of the torso has proven to be an elusive The relationship of heart and body surface electrical events during the T wave likewise has been established only in broad terms, and until recently 16 has been based almost exclusively on differences in measured refractory periods at different ventricular sites 17 ' 18 and on models of the electrocardiographic effects this should produce. 19 ' 20 The most comprehensive measurements of all phases of ventricular electrical activity and how its effects change with distance from the heart have been the studies of Taccardi and Marchetti, 21 utilizing an isolated heart in a tank. Nonetheless, no simulation to date that has begun with a measured sequence of cardiac electrical events has used these measurements to calculate corresponding body surface electrical events and then has tested the accuracy of the results by direct comparison with measured body surface potentials. The object of this report is to present such a simulation and to show the results for both ventricular excitation and ventricular repolarization.
Two factors in the experimental protocol were used in achieving the present simulation. First, the sequence of cardiac electrical events was measured as a series of epicardial potential distributions, rather than specified by isochrones. This step allowed a clear separation of the question of how the body surface potentials are generated from potentials on the epicardium from the question of how the epicardial potentials themselves are generated from the underlying ventricular muscle. 22 " 24 This step also made possible the measurement and simulation of cardiac repolarization along with depolarization, as well as times of overlapping effects. Finally, use of the epicardial measurements eliminated any necessity for associating any current density distribution, uniform or otherwise, with the experimental measurements, as would have been necessary if cardiac measurements had been made by an isochrone procedure.
The second factor was that all epicardial and body surface measurements were obtained almost simultaneously from intact dogs.
"
24 This preparation made possible the measurement of a number of complete sequences of epicardial and body surface potential distributions following stimulation at a variety of different ventricular sites. Additionally, the intact preparation made it possible to eliminate any question of significant physiological changes having occurred between the time body surface potentials were measured and the time the cardiac measurements were obtained, as would have been the case had the cardiac measurements been made with an open-chest procedure. Finally, the intact dog preparation allowed the recording and simulation of both depolarization and repolarization, since it allowed physiologically reasonable repolarization potentials to be recorded from the epicardium.
Methods
To simulate body surface potential distributions from the epicardial distributions we used previously developed mathematical methods. 23 Data required for the simulation were the epicardial potentials, the geometric locations of the epicardial electrodes, and the geometric locations of the body surface recording positions. To assess the accuracy of the computed result, an additional requirement was the measurement of body surface potentials for comparison with the simulated torso potentials.
Because the experimental features noted above are essential both for obtaining and for checking the simulation result, the surgical procedures, recording process, and method of determining the geometric relationships between heart and body surface are described in detail.
THE INTACT PREPARATION
The method for obtaining the epicardial and body surface potential distributions was patterned after methods previously used in the intact dog 22 
"
24 and the intact chimpanzee. 16 We regard the following general features as important criteria for measuring both ventricular excitation and repolarization. First, between 75 and 100 electrodes were implanted over the total epicardial surface, including the atrium, to provide an overall picture of the epicardial potential distributions. Second, since it is well appreciated that repolarization is altered by openchest surgical procedures, healthy dogs meeting established T wave body surface map criteria 22 were selected for this study. Detailed studies have shown that repolarization returns to normal, as judged by comparison of preand postoperative body surface maps, in 9-12 days. 15 Third, because implantation of electrodes produces local injury which requires 9 hours to 3 days to disappear, and because the absence of such injury is necessary for accurate recording of epicardial ST-T waves, detailed checks of the waveforms were included to ensure the absence of such artifacts. 22 Finally, because it is highly desirable that the lungs be relatively normal and that fluid be absent or only minimally present in the pleural spaces for simulating heart-body surface electrical relationships, methods were used for the geometrical measurements of the volume conductor which provided close inspection of the status of the thoracic anatomy. These methods are described below.
SURGICAL METHODS
Five dogs, each weighing 20 kg, underwent surgery. From 75 to 100 epicardial electrodes were implanted over the epicardium, each with a superficial single stitch of 4-0 silk. The spacing between electrodes varied from 4 to 20 mm. The irregular course of the coronary vessels and of the fat pads at the A-V ring prevented equidistant interelectrode spacing. The epicardial electrodes consisted of Teflon-coated strands of stainless steel wire with a 1-mm exposed loop. In order to identify easily each electrode during postmortem documentation of the geometry, two small glass beads, colored according to the resistor code, were attached adjacent to the exposed loop. After all electrodes were in place, the distal portions of the electrodes were organized into two separate bundles and led out to the subcutaneous tissue of the abdomen. Numerical tags at the distal ends of each electrode allowed their identification at the time of study. Meticulous atten-tion was required to ensure that no air was trapped in the pleural space postoperatively. The dogs were maintained on antibiotic therapy, and 10-14 days postoperatively, xrays showed no abnormality of the lungs and heart. In addition, body surface QRS and T wave maps had returned to the control preoperative pattern.
RECORDING METHODS
Each dog was studied under sodium pentobarbital anesthesia (30 mg/kg, iv). The use of a net sling greatly facilitated the attachment of 160 body surface electrodes. The sling was especially advantageous for ensuring that there was no change in the position of any part of the torso once the recording procedure was initiated. The distal ends of the epicardial wires were exteriorized through two small abdominal incisions. The epicardial and body surface electrodes were connected to a switching box that allowed rapid sequential sampling of groups of 20 electrodes simultaneously with continuous recording of an additional four reference waveforms from epicardial electrodes. The recording ensemble consisted of 24 AC amplifiers with a frequency response of 0.1 Hz to 10 kHz. The output of each amplifier was sampled at a rate of 1000 samples/sec 26 by a PDP 11/20 computer system. 27 The computer stored the data and displayed the wave forms 28 immediately on a Tektronix 4002 display unit. Each of the 24 waveforms was inspected for baseline stability, noise, and other artifacts. If all waveforms were acceptable, the data were recorded permanently in digital form on magnetic tape. The on-line observation of the waveforms for selection before permanent recording allowed any data that were distorted by noise or other artifact to be discarded immediately and replaced by a new set of 24 waveforms.
The heart rate was maintained constant for all recording sequences, at a rate slightly above the normal sinus rate. To overcome any problems in rate control when stimulating the ventricle, ventricular pacing was carried out by delivering the ventricular stimulus 40 msec after a stimulus to the right atrium in the sinus node area.
The recording procedure consisted of rapidly recording each block of 20 electrodes, along with four unchanging reference leads, displaying the waveforms for inspection, selecting artifact-free waveforms for permanent digital recording on tape, and then switching to the next block. The entire procedure required 30-40 minutes for recording both epicardial and body surface potentials. After the normal sequence was recorded, the measurements were repeated during right atrial pacing. Following this, varied ectopic sequences were recorded while pacing different ventricular sites. Four to eight different excitation sequences and repolarization sequences were recorded in each dog. The preparation remained stable during the period of about 6 hours required for recording. At the conclusion, a repeat recording was made of the normal epicardial sequence to verify that no change had occurred.
After the conclusion of the experiment for each dog, the recorded waveforms were processed with the use of a second computer program. 29 The waveforms were redisplayed and photographed from the display units with a 16-mm Arriflex camera for detailed editing of each block of data. A common time reference allowed automatic time alignment of the asynchronously recorded blocks of data for the epicardial and body surface waveforms, which was required to construct the equipotential maps. The maps were automatically drawn on and photographed from the graphic display, using the format for the epicardial and body surface distributions shown in Figure 1 . The photographs were made with the 16-mm camera to provide for review of individual maps or for viewing the sequence of maps in motion as a movie. Voltages on the maps were specified relative to Wilson's central terminal.
VOLUME CONDUCTOR EVALUATION METHODS
At the end of each experiment, the dog was killed by a large dose of sodium pentobarbital. The lungs were slightly inflated, the endotrachial tube was clamped shut, and with no change in the position of the dog in the recording sling, the entire rig was placed in a large freezer. After the carcass was frozen, it was removed from the sling, placed in a plastic tank containing water to a depth of 3 inches, and refrozen. This resulted in the torso being embedded in a block of ice, which greatly facilitated the sectioning of the torso. Cross-sectional slices of the torso were made with a heavy duty bandsaw. The slices were made in parallel planes that were perpendicular to the cephallo-caudad axis of the dog. In the region of the heart, the slices were 1.5-2.0 cm apart. Above and below the heart region, they were about 4 cm apart. This produced about 18-20 sections for each dog. Each section was photographed and the location of each electrode was measured from the resulting pictures. Measurements from the pictures instead of from the slices themselves had the important advantage of precluding any possibility of distortion due to the slice thawing during the measurement process. The geometric relationships among the sections were preserved by two maneuvers. First, the Z axis (cephallocaudad axis) separation, which was perpendicular to the plane of the pictures, was measured along a scale attached to the photography ensemble. Second, the origin of the X and Y measurements was identified in each photograph as the tip of a coordinating rod. The coordinating rod was attached to the photography stand in such a way that it could not move in the X-Y plane. The rod projected over the torso and therefore was included in the photograph of each cross-section. In addition to identifying the origin of the X and Y axes on each photograph, the rod also provided a calibration distance for each axis.
RV
From the photographs, the X, Y, and Z coordinates of each epicardial and torso electrode were readily determined. The body surface electrode positions were identified easily on the photographs since numbered pushpins had been inserted into the carcass at the location of each body surface electrode prior to photography. The location of each epicardial electrode was determined by carefully dissecting each cross-section that contained a portion of the heart and marking the position of each epicardial electrode on the photograph. The color-coded beads provided a ready means for identifying the number of each epicardial electrode. The X and Y coordinates of each electrode then were measured on the photograph as the distance from the tip of the coordinating rod to the electrode's position. The Z coordinate of each body and epicardial electrode was determined as the distance to the top of the cross-section containing the electrode minus the distance from the top of the slice to the electrode in question. The error in the measurement of the location for each electrode was estimated to be no more than 3 mm.
Finally, at the conclusion of the geometrical measurements, the sections were thawed for detailed inspection of the thoracic contents. In each dog, there was a 1-2 mm layer of fibrotic tissue over the entire epicardium , 22 as expected. The lungs appeared normal except for a slight consolidation at the apices in two dogs. In all dogs there was a small amount of clear pleural fluid (20-70 ml) posteriorly in the dependent areas next to the spine.
SIMULATION METHODS
To simulate body surface potential distributions from the measured epicardial distributions, mathematical methods developed previously 25 were used. These methods provided a way for finding transfer coefficients based on the locations of the epicardial and body surface electrodes. These transfer coefficients related the epicardial potential distributions to those on the body surface. The method for deriving the coefficients required a sufficient number of epicardial and body surface electrodes to be present so that closed epicardial and body surfaces were approximated; however, the method did not require that either surface have a particular shape. This feature was important because it allowed the epicardial potentials to be represented with realistic geometry, rather than simplifying the "epicardium" to an idealized surface such as a sphere. In the calculation, the effects of inhomogeneities within the epicardial surface were included implicitly, since they affect the measured epicardial potentials. The volume conductor between the epicardial and body surfaces was assumed to be homogeneous, and the calculation method did not require a specific value for its conductivity. The calculation explicitly included the fact that the body surface was bounded by air, a nonconductor.
Several general features of the procedure are worth consideration in evaluating the significance of the simulation results. First, the spatially continuous potential distribution around a closed epicardial surface was the conceptual basis for calculating the effects of cardiac electrical events. Measurements of potentials at individual electrodes were used to approximate the continuous distributions; however, the cardiac sources never were considered, conceptually, to be composed of point sources in a way analagous to that of other models, e.g., multiple dipoles. Second, the transfer coefficients relating the body surface to the epicardial potential distributions were computed entirely on the basis of the geometry of the volume conductor; in consequence, no measurement of either epicardial or body surface potential was required or used in finding the values of the transfer coefficients themselves.
Third, although some variations in the properties of the volume conductor obviously occur due to such factors as respiration or ventricular contraction, we chose to compute only a single set of coefficients and use them without change for all time instants. Making this choice allowed the study to go forward on the basis of geometric data that we could obtain experimentally by measuring the cross-sections of the torso after freezing. Finally, it is worthwhile to note that the simulation procedure used here does not constitute an "equivalent generator" in the same sense as does, for example, a multipole expansion. In those models, the objective is to try to summarize the body surface potentials in a compact multipolar form by replacing the actual cardiac electrical generators with an "equivalent" mathematical form. In contrast, the present simulation procedure is based, at least approximately, on the actual potentials produced on the heart surface by the dog's real cardiac electrical sources. The advantage of using this approach is its immediate relationship to experimentally obtained cardiac measurements.
The mathematical basis and details of the calculation have recently been reported. 25 In summary, the method was based on stating the relationships between the epicardial and body surface distributions as integral equations, restating them in the form of simultaneous linear equations, and approximating the coefficients of the linear equations from the measured coordinates of the electrodes. The coefficients of the equations were the "transfer coefficients" and consisted of a matrix having the same number of columns as the number of epicardial electrodes (N H ) and the same number of rows as the number of body surface electrodes (N B ). Determining the coefficients from the measurements required a moderately complicated calculation procedure 25 that included determining certain functions of the distances from each electrode to every other one. The inversion of two matrices also was required, one of order N H (in this case, 89) and the other of order N B (in this case, 160). The transfer coefficients were determined only once, however, for a particular set of epicardial and body surface electrodes, since they represent the effects of the volume conductor and therefore do not vary from millisecond to millisecond or from one cardiac excitation sequence to another. Computing the transfer coefficients used in this report required about 12 minutes on an IBM 370/165 computer. The further computation of each body surface distribution from the underlying epicardial one required only a matrix multiplication and used less than 1 second of computer time per distribution.
COMPARISON OF SIMULATED AND MEASURED MAPS
Simulated body surface maps were computed, millisecond by millisecond, for each sequence of cardiac excitation and repolarization. An advantage of having the simulation based on epicardial potential distributions was that the resulting values predicted for the body surface were specific voltages at each electrode, which could be compared immediately to measured voltages. The identical form of the simulated and measured maps made it easy to evaluate the simulation first by direct visual comparison of the patterns created on the maps by the isopotential contour lines, and then by more detailed comparison of the voltages at individual electrodes.
This comparison of the voltages was facilitated by use of several statistics that were computed for each pair of simulated and measured maps. The statistics were valuable since they summarized some characteristics of the maps and their differences in a compact format. Values of the root mean square (RMS) voltages on each of a pair of simulated and measured maps, their RMS difference, and the correlation coefficient (CC) between them were used most extensively. The differences between the simulated and measured maps were examined in a detailed way by forming three versions of each simulated map. This procedure allowed a division of the differences into three catagories, as follows:
1. In the original simulated maps (version 1), the average voltage at the three electrodes constituting Wilson's central terminal (Fig. l-II) sometimes differed from zero. (The average of the three voltages on the measured maps was always zero.) The "reference offset (Ro)" was defined to be the average voltage at the electrodes of Wilson's terminal, in version 1 of the simulated maps. The second version of each simulated map then was computed by subtracting Ro from each voltage on the map. 2. In version 2 of the simulated maps, the magnitudes of the voltages were sometimes found to be different from the magnitudes of the measured maps. (Usually they were larger.) The "scale factor" was defined as the number by which all voltages on a simulated map had to be multiplied to give the best least squares fit to the corresponding measured map. Although the scale factor was computed instant by instant, the results showed that its value remained approximately the same throughout an entire sequence of excitation and repolarization. Therefore, a single scale factor was used for an entire sequence to multiply all the version 2 maps, thereby generating the third version of the simulated maps.
3. The remaining error between the measured maps and the third version of the simulated maps was called the "pattern match." The pattern match was so named because it reflected the degree to which the contour pattern of the simulated and measured maps was the same. Pattern match was specified numerically by the correlation coefficient between individual simulated and measured maps. It was reflected also in the relative RMS values of the measured maps and the third version of the simulated maps, and in their RMS difference.
The reference offset, scale factor, and pattern match were computed for each time instant and used primarily as a numerical mechanism for evaluating the comparison of an entire sequence of maps. This overall comparison was done by means of plots of each type of difference vs. time. In this way, the relative importance of each type of difference over the entire sequence was evident, and this information was useful in considering what sources of error might have caused the difference.
Results
The first portion of the results consists of a series of epicardial and body surface distributions. Included for each time instant are the measured epicardial distribution, version 3 of the simulated body surface distribution that was computed from the measured epicardial one, and the measured body surface distribution. The quality of the simulation was evaluated in a detailed manner by comparing the simulated and measured body surface maps. The epicardial maps are included in the figures so that the cardiac source of the body surface simulation can be inspected readily. Moreover, measured epicardial along with corresponding measured body surface potential distributions have not been presented previously for the intact dog, so that it is interesting to compare these results with the epicardial and body surface maps shown recently for the chimpanzee, 16 and also with the intramural measurements previously reported for the dog. In selecting maps from each sequence to be included, we placed special emphasis on including maps both during depolarization and during repolarization. Examples of simulation results during the S-T time interval also were selected more frequently, since the combination of complicated epicardial patterns and voltages which are low in magnitude make this interval particularly difficult to simulate.
NORMAL QRS-T SEQUENCE
The normal ventricular excitation and repolarization sequence shown in Figure 2 was measured while stimulating the right atrium. All simulated maps in this sequence were scaled by a factor of 0.85 to make the simulated body potentials have approximatly the same peak to peak voltage range as the measured body surface potentials.
Measured epicardial, simulated body, and measured body distributions are shown across the three columns of the top row of Figure 2 . The numbers below each row of maps allow a numerical as well as a visual comparison of the maps in that row. (Each number is identified in the legend.) At 14 msec, the epicardial distribution had positive potentials over most of the ventricles, except the upper anterior free wall of the RV, and negative potentials enveloped the atrium. A maximum existed on the anterior RV free wall. The broad area of positivity on the epicardium resulted in a broad anterior maximum in both the simulated and measured body surface distributions. The correlation coefficient of 0.95 between the simulated and measured maps confirmed the good agreement. The difference between the pattern of the simulated and mea- sured body surface maps was largely in the position of the minimum. This difference was of little significance since low gradients were present around the top of both the simulated and measured body surface maps. The reference offset on this map was 0.10 mV, as identified by symbol Ro. With the reference offset and the scaling error corrected, the RMS magnitude of the simulated map, S, was quite close to that of the measured map, M. At 17 msec, the epicardial potential pattern showed a minimum to be present on the anterior RV, due to epicardial breakthrough. 16 -' 22 A maximum was on the lateral RV and another one was on the anterior LV. Both the simulated and measured body surface potential maps had a minimum on the upper anterior chest with the maximum still on the anterior body surface, shifted slightly to the left. No second minimum that corresponded to the anterior epicardial minimum was present at this time on the anterior body surface in either the simulated or measured body maps.
FIGURE 2 Potential distributions for normal ventricular excitation. The three columns of the figure show measured epicardial, simulated body surface, and measured body surface potential distributions. The three rows are for three different times. Within a row, the simulated body distribution was computed from the epicardial distribution at the left. The simulated distribution is shown with the reference offset subtracted and voltages scaled. The simulated body distribution ideally would be the same as the measured body surface distribution on the right. The time of each row is identified by the vertical bar through the reference trace; the number given is the approximate time in milliseconds from the beginning of QRS as judged from the body surface maps. The numbers on the maps are the voltages at each
At 26 msec, there was a large area of negative potentials over the RV, and the negative potentials extended over part of the posterior LV. There were both anterior and posterior LV maxima and an RV maximum. On the body surface, the anterior maximum had shifted further to the left, with a much smaller area of positive potentials anterior to the right of the sternum. The minimum was directly over the minimum on the epicardium. Only a single maximum was present on the body surface.
At 43 msec (Fig 3) , the epicardial distribution showed overlapping effects from continuing depolarization and beginning repolarization. 23 A maximum due to terminal depolarization was on the anterior basal LV. Maxima due to early repolarization were on the RV and LV laterally. On both the simulated and measured body surface maps, there was a large area of positivity around the upper body surface, with very small gradients and a clearly defined central minimum.
At 50 msec, in the initial portion of the S-T segment, the epicardial potentials were small in magnitude but had begun to have the major features of the pattern that continued throughout much of the T wave. There was a maximum on the anterior lateral portion of each ventricle and another maximum on the posterior surface near the septum. On the body surface, there was a single anterior maximum. On the epicardium, negative potentials were present over the posterior basal RV and atrium while, on the body surface, negative potentials were present around the top of the map. A correlation coefficient of 0.93 existed between the simulated and measured maps even though all voltage magnitudes were very small.
At 218 msec, near the peak ot the T wave, the distribution of the epicardial potentials was still much like that at 50 msec, even though the magnitude of the potentials was much greater. On the epicardium, however, the LV maximum was closer to the septum, and on the body surface the maximum was shifted slightly to the left.
RV ECTOPIC FOCUS
The stimulus site was on the posterior surface of the RV at the position indicated by the pulse symbol on Figure 4 . All of the simulated body maps in this sequence were scaled by a factor of 0.64 to make the magnitudes of the simulated body potentials about equal to those of the measured body potentials. By 45 msec (Fig. 4) after the beginning of QRS, the region of negative potentials had increased in size so that the epicardial potential distribution at 45 msec had a posterior RV minimum, surrounded by a large negative area that extended onto the posterior LV and onto the lower anterior surface of the RV. A maximum was on the RV anterior surface, and a smaller maximum was on the posterior LV. At this time, a simple pattern was present on both the simulated and measured body surface maps, with a single maximum and a single minimum, and with positive potentials around the top of each map.
At 75 msec, in contrast to the epicardial distribution at 45 msec, the epicardial potential distribution showed two minima on either side of the large positive area on the LV. On the body surface, however, there continued to be a single minimum on the right side of both the measured and simulated maps. Nonetheless, the polarity around the top and bottom of both body surface maps was reversed completely from that at 45 msec.
At 96 msec, the epicardial pattern included effects both from ending depolarization and from beginning repolarization. The maximum on the anterior portion of the LV dominated the distribution and was due to depolarization. Repolarization was evident, however, from the low level positive potentials posteriorly and laterally on the RV. On both body surface maps, the polarity around the map near the neck and near the abdomen was again reversed from that of 75 msec, even though the maximum and minimum had moved only slightly. There were intense gradients and a large magnitude of the maximum, compared with the minimum, on the body surface.
At 102 msec (Fig. 5) , the magnitude of the maximum on the anterior LV, due to depolarization, was less than before, whereas the maximum on the RV, due to repolarization, had increased in magnitude. On the body surface, both simulated and measured maps included many voltages with very low magnitudes, which resulted in a lower correlation coefficient. Nonetheless, a striking feature of both body surface maps was the movement of the positive potential distribution toward the lower right side, to produce an overall pattern which demonstrated overlapping effects from both depolarization and repolarization.
At 122 msec, on the epicardium, the positive region around the stimulus site was much larger. Both body surface maps had a simple pattern, with the top of the map once again negative. Note the extensive differences among the body surface maps for 96, 102, 122 msec, even though overlapping depolarization and repolarization potentials were present on the epicardium at all these times.
At 227 msec, on the body surface, the pattern of both simulated and measured maps was similar to the pattern at 122 msec. However, the magnitudes of the body surface maximum and minimum were more nearly equal at 227 msec than they had been at 122 msec.
LV ECTOPIC FOCUS
The location of the stimulus site in this sequence was on the posterior LV, as shown by the pulse symbol on Figure 6 . All the simulated body surface maps in this sequence were scaled by 0.65, so that the magnitudes of potentials surrounded the stimulus site on the posterior the simulated body voltages were approximately those of LV. The positive potential area included two maxima, the measured ones.
which were on the posterior LV and RV. On the body At 40 msec (Fig. 6) , on the epicardium, negative surface, the pattern was a simple one, with positive
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by guest on May 13, 2017 http://circres.ahajournals.org/ Downloaded from potentials toward the top. On the body surface, the maximum (but not the minimum) was surrounded by high gradients, whereas on the epicardium the reverse was true. The simulated map showed a distribution that was more compact than that of the measured map. At 73 msec, one maximum and one minimum were close together on the LV and another maximum and minimum were close together on the RV. Although there were two epicardial maxima, there was only a single anterior maximum on either the simulated or the measured body surface map. Additionally, the inferior minimum was more intense than at the preceding time instant and was shifted to the left.
At 92 msec, continuing depolarization produced a single maximum on the RV with a nearby minimum. Scattered positive potentials of low magnitude also were present. Both body surface maps showed a rotation of the pattern as compared to 73 msec. The distribution on the simulated map again was somewhat more compact than that of the measured map.
At 106 msec (Fig. 7) , a posterior epicardial maximum due to repolarization was near the ectopic stimulus site. Both body surface maps had a single anterior maximum on the body surface, which had low amplitude. Very low amplitude negative potentials were around the top of the simulated body surface map, and several negative regions were present near the top of the measured map. The correlation coefficient was 0.69 with the voltage magnitudes near the noise level.
At 110 msec, most of the epicardial surface was positive, with the maximum on the posterior LV near the stimulus site. On the body surface, both the simulated and measured maps had a central maximum with positive potentials over the abdomen and lower back. The correlation of 0.83 between the simulated and measured body surface maps was much higher than at 106 msec, probably because the potentials were higher.
At 231 msec, the posterior and much of the anterior surfaces of both ventricles were positive, with a maximum near the position of the stimulus electrodes. This maximum produced a maximum on the lower left side of the body surface on both maps.
ANALYSIS OF ERRORS
In addition to the detailed analysis of differences by comparison of individual maps, the differences between the simulated and measured maps were evaluated in graphic form to examine the differences throughout an excitation and repolarization sequence as a whole. This procedure was particularly helpful in separating the effects of reference, scaling, and pattern errors. To achieve this separation, three versions of the simulation were calculated.
The first version was the simulation of the body surface potentials from the measured epicardial potentials with no errors of any type corrected. A comparison of the simulated potentials for the RV sequence with the measured potentials is shown in graphic form in Figure 8A . Plots S, and M show the RMS values of the simulated and measured body surface distributions, respectively, throughout QRS-T. As expected, both of these plots rose to high values during QRS, declined, and then rose and fell again during the T wave. Plot E, shows the values of the RMS error, and plot CC shows the plot of the correlation coefficient between the simulated and measured maps. It was apparent from plots Si, £,, and M that throughout most of the sequence the simulated values were substantially larger than the measured ones (plot S, above M), and that the error was as large or larger than the measured values (plot E, near and above M). However, CC remained near a value of 0.9 during most of QRS-T, declining only during intervals when the signals were comparable in magnitude to the noise. This value for CC indicated a good pattern match, as was confirmed by visual inspection, although the numerical differences were substantial.
MEASURED EPI
A major portion of the numerical differences in this first version of the simulation was accounted for by the fact that the voltages on the simulated maps often were such that the average voltage at the three electrodes constituting Wilson's central terminal was not zero. A plot of this reference offset voltage, R o , showed that it always was small with respect to the epicardial voltages but, nonetheless, of a significant magnitude relative to the potentials on the body surface (Fig. 8B) .
This reference offset was eliminated easily by subtracting the value R« for each simulated map from all voltages on the map. (This procedure did not require comparison of the simulated and measured maps.) With this change, the resulting simulated maps were designated version two. New plots were made that compared this second version of the simulation with the measured maps (Fig.  8C) . A comparison of the plots in panel C with those in A showed that correcting the reference offset considerably reduced the numerical differences between the simulated and measured maps (E 2 less than £,) without changing the comparison of the patterns (CC unchanged as expected). Nonetheless, it was obvious that S 2 still was substantially larger than M most of the time. To determine how much larger the simulated potentials were than the measured ones, we calculated the scale factor by which potentials S 2 would have to be multiplied at each instant to fit the measured potentials with the smallest RMS error. Figure 8D shows the plot of the scale factor vs. time that was calculated. The scale factor was found to be remarkably constant throughout most of QRS-T.
To correct the scaling error and thereby bring the simulated potentials down to about the same magnitudes as the measured ones, all voltages (every voltage on all maps) from the second version of the simulation were multiplied by 0.64. The same value was used for all time instants since the ideal scale factor had been found to be approximately constant. This third version of the simulated maps then was compared to the measured maps, and the plots of Figure 8E resulted. Inspection showed that plots S 3 and M were almost identical, indicating that the simulated and measured maps had quite similar RMS magnitudes that varied with the same time course. As expected, CC remained unchanged in S 3 relative to S,, indicating no change in the pattern match. Plot E 3 was substantially smaller than EJJ, reflecting the smaller numerical differences present after the simulated maps were scaled.
The errors of each of the versions of the simulated maps also were analyzed relative to the RMS values of the measured maps, as shown in Figure 8F . In version one, the ratio of the RMS error to the RMS measure value, E R1 , was frequently greater than one, indicating that the errors were larger in magnitude than the measure- ments. In version two, with the reference offset eliminated, the ratio was less than one (plot E R2 ) and, in version three, with both reference and scaling errors corrected, the ratio was 0.4 or less for most times (plot E R:| ), indicating that the errors were small compared with the measurements. Graphic results for the third version of the simulations for the normal, RV, and LV sequences, with reference and scaling errors corrected, are plotted in the three columns of Figure 9 . These plots were constructed by the same procedure leading to the plots of panels E and F of Figure 8 . Comparison of the plots of RMS magnitude of the simulated and measured body potentials (plots S and M of panels A-C) showed that, in all sequences, S and M had a very similar evolution in time. Moreover, both S and M were substantially larger than the RMS error whenever significant voltage magnitudes were present, as can be seen from the plots of E R in panels D-F. Finally, the plot of the correlation coefficient showed that a value of about 0.9 was present consistently throughout QRS-T for all sequences. Comparing the plots for the different sequences showed that neither the good pattern match reflected in the correlation coefficients nor the residual pattern differences most evident from the error ratios (E R around 0.4) were dependent systematically on the particular excitation sequence, although a somewhat greater variation was observed in the normal sequence.
Discussion
An intrinsic aspect of the simulation presented here, compared with previous simulations, was that cardiac electrical activity was measured and represented as epicardial potential distributions, rather than as dipoles, uniform double layers, or other equivalent source. 30 The representation as potential distributions was essential to the successful execution of the simulation for a number of reasons. First, it allowed the question of heart-body interaction by means of the intervening volume conductor to be separated both conceptually and experimentally from the question of how the epicardial potentials themselves were generated from underlying intra-and extracellular cardiac events. Second, it allowed the simulation to originate from a large number of experimental measurements of epicardial voltages, which were obtained from intact dogs, thereby allowing repolarization as well as depolarization to be included. Third, the use of epicardial potentials allowed the epicardial to body surface mathematical relationships to be expressed in a form that was directly suitable for computation. Finally, the experimental procedure for measuring the epicardial distributions in intact dogs allowed the almost simultaneous measurement of the corresponding body surface potentials, which in turn made possible a detailed evaluation of the quality of the simulation.
This report shows that it is possible, using the potentials measured from the epicardium and using the geometry of the heart and torso, to compute body surface potential distributions that compare well with potential distributions measured from the body surface. The simulation produced good results during depolarization, during times of overlapping depolarization and repolarization, and during times of repolarization alone. A favorable result of the simulation was that the discrepancies between the simulated and measured potentials were associated primarily with the voltage reference and the peak to peak magnitudes of the simulated maps, rather than with differences in the contour patterns. Since physiological evaluation of the maps 16 -31 has been based primarily on the contour patterns, the simulated maps correctly represented the features usually used for map interpretation.
One of the most interesting aspects of the simulation, however, was the questions that it raised as to the specific causes of the errors that were observed. Two possible sources of errors were implicit in the simulation procedure: (1) the approximation of the epicardial and body surface potentials and geometry over closed surfaces from the potentials and coordinates associated with a limited number of epicardial and body surface electrodes and (2) the approximation of the torso volume conductor as homogeneous, with the corresponding exclusion of possi-VOL. 41, No. 5, NOVEMBER 1977 ble significant effects of internal inhomogeneities such as the lungs.
-
3!~34 (The effects of the inhomogeneities of the blood mass within the heart and the torso-air boundary were taken into account, however.) No systematic study as to whether either of the above or possibly other sources of error were the dominant factors was undertaken. Nonetheless, it became clear that any evaluation of the sources of error required a recognition that most of the numeric differences between simulated and measured potentials were differences in the reference voltage and differences in the peak to peak range of the simulated potentials with respect to the measured ones, rather than pattern differences.
Because the ultimate objective of electrocardiography is a knowledge of cardiac electrical events from observations made on the body surface, it is interesting to consider what prospect the present results provide for future inverse calculations. Because of the reasons cited above, we believe that overwhelming advantages exist for executing such a calculation in the framework of epicardial and body surface potential distributions. Within this context, the present results provide mixed portents. On the negative side, it was evident from visual inspection of the measured epicardial and body surface distributions that the epicardial pattern often was much more complicated than the pattern observed simultaneously on the body surface, indicating a substantial smoothing effect produced by the distance from the epicardium to the body surface. This result was consistent with similar smoothing reported previously, both in tank experiments 21 and in the intact chimpanzee, 16 and raises doubts as to whether some complex epicardial patterns can ever be reconstructed adequately from the body surface measurements. On the positive side, however, these results indicated that there is good reason to believe that the mathematical relationships between the epicardial and body surface patterns can be established accurately, which would allow the entire surface potential distribution to be utilized effectively in an inverse calculation. Such an approach offers the opportunity to utilize fully the subtle features of the complete body surface distributions that are not easily taken into account by an intuitive analysis, and thereby leaves open the possibility of computing realistic epicardial potential distributions from body surface measurements.
